The potential applications of the photon to thermal conversion technique by gold nanorods has attracted attention for biomedical applications since they show an intense absorption spectrum in the near-infrared region, and therefore, penetrate more deeply into biological tissues. The goal in this study is to assess a local heating phenomenon with a single patterned cluster of gold nanorods that are prepared as a wet chemically synthesized gold nanorod solution and mixed with aqueous 1% alginate and 0.1 M calcium chloride. In particular, we utilized the initiated chemical vapor deposition method to coat the cluster with poly(2-hydroxyethyl methacrylate) to enhance its high temperature resistance in the solution. The influence of the thermal energy on the surroundings is studied by measuring the surface temperature of the single patterned gold nanorod cluster as a function of laser irradiation time. The experimental results were compared with numerical simulation results. The results showed that the irradiated gold nanorods could rapidly heat to maximum surface temperatures of over 60
Introduction
Due to their unique optical properties, noble metal nanoparticles have broad applications in the field of biomedical diagnostics [1] , targeted drug delivery [2] , optical imaging and photon to thermal therapy [3, 4] . Simultaneously, gold nanorods (GNRs) have been used for numerous applications due to their unique optical properties that are controllable in the visible or near-infrared (NIR) region as well as its nontoxic and biocompatible properties. The surface plasmon resonance 5 Author to whom any correspondence should be addressed.
of GNRs is easily excited via NIR laser irradiation. Under optical illuminating light, the surface plasmon resonance is created by coherent oscillations of the conduction electrons. These oscillations cause enhanced scattering and absorption of light at resonant wavelengths. When the frequency of incident photons are close to the plasmon frequency of a GNR, there is significant absorption by the GNR which yields thermal energy, as observed by the heating of the particle. Depending on the particle's size and shape, the resonant frequency can be engineered to lie in a desired surface plasmon band [5] . Based on this photon to thermal conversion phenomenon, technology can be developed to lyse bacteria or to kill cancer cells by rapidly generating heat using GNRs and laser irradiation [6, 7] . The photon to thermal conversion method utilizing GNRs has several potential advantages. First, the maximum absorption of GNRs, unlike spherical gold nanoparticles, can be shifted to NIR, specifically wavelengths near 808 nm, thus allowing for deeper penetration of laser irradiation into biological tissues. Second, the temperature rapidly increases through the efficient conversion of the absorbed radiation from the electronic motion on the surface of the gold to thermal energy. This property is useful in biomedical applications because under exposure to high temperatures for prolonged periods of time thermal diffusion distributes heat into surrounding areas, which may cause side effects such as unexpected damage to healthy cells. Furthermore, arrayed GNRs can be applied to local areas such as the local destruction of cancer cells without affecting the surrounding tissues. The improved heat localization offered by arrayed GNRs can also potentially be enhanced further using pulsed laser mode providing more localized cellular damage [8, 9] .
From this point of view, the measuring temperature distribution in and around GNRs in a solution is of great importance in order to validate the method of photon to thermal conversion. In this paper, wet chemically synthesized GNRs and one patterned GNR cluster were prepared to test the photon to thermal conversion method. In order to enhance the properties of the GNR cluster (such as insolubility, thermal resistance, and hydrophilicity), GNRs were mixed with sodium alginate and calcium chloride and coated by the polymer poly(2-hydroxyethyl methacrylate) (PHEMA) using the initiated chemical vapor deposition (iCVD) method [10, 11] . We estimated how much and how fast the temperature of a single GNR cluster could increase and decrease by the NIR laser as a function of continuous wave irradiation and pulsed wave irradiation. To investigate the temperature distribution in local heat zones around the single GNR cluster in detail, numerical simulation was performed as well. Our results can be useful to understand how thermal behavior is governed by the small heat capacity of the system resulting in a potentially rapid thermal response. In order to dissolve the CTAB powders in water, the solution was mixed on a hot plate that was set up at 37
• C. b The solution of NaBH 4 was kept in a freezer and used within 30 min.
Materials and methods

Synthesis of GNRs
Based on the gold seed-mediated growth, preparation of GNRs was partially modified from other methods [12] [13] [14] to get a maximum absorption peak at a wavelength of over 808 nm. In order to make the seed and growth solution, appropriate quantities of aqueous CTAB, HAuCl 4 , NaBH 4 , AgNO 3 , AA, and seed solutions were mixed one by one in a glass tube in the order shown in table 1. Before making the growth solution, the seed solution was kept at room temperature for 2 h to allow gas decomposition.
The absorption spectra of the solutions were obtained on an UV-vis spectrophotometer (Beckman DU 650). Prior to TEM observation, 1.5 ml of the solution was centrifuged at 14 000 rpm for 12 min to increase the concentration of GNRs by discarding the colorless supernatant. Precipitates were redispersed in 1.5 ml of distilled water and centrifuged again. A volume of 7 μl of the collected GNRs was dropped on a carbon-coated copper grid and allowed to dry. The image was taken by a TEM (JEOL 2010) operated at 200 kV.
TEM images were analyzed using ImageJ and particle size histograms were generated which show the production of rod-and spherical-shaped particles (figure 1). From the histogram, it is observed that a large proportion of GNRs had an aspect ratio (AR) of 3.4 ± 1.5 which corresponds to rodshaped geometry. However, some gold particles had an AR of 1.4 which corresponds to a more circular nanoparticle. Figure 2 shows the UV-vis spectra of GNRs and two peaks appear for the gold surface plasmon band: the transverse band (530 nm) corresponds to light absorption and scattering along the short axis of the particle, and the longitudinal band (818 nm) corresponds to light absorption and scattering along its long axis. The second peak at 818 nm is very meaningful in that the GNRs synthesized with this method can be utilized in biomedical applications since this wavelength can penetrate through human skin. To prepare for the iCVD deposition process, the synthesized GNR solution was mixed with aqueous 1% alginate at a ratio of 10:1. This pregel mixture was blended with an aqueous solution of 0.1 M calcium chloride to separate the gel phase [15] . A few minutes later, the gel was observed to have a distinct GNR phase which settled at the bottom while a gel without GNRs was on top. A single GNR cluster was formed by slowly dropping 2 μl of the GNRs phase on a glass cover slip and leaving it to dry at room temperature. Thus, the size and shape of the single patterned GNR cluster was controlled and the dried cluster's shape was circular with a radius of approximately 1 mm for all samples.
iCVD of the polymer PHEMA on GNRs
iCVD is a one-step surface polymerization technique without the use of any solvents [16, 17] . iCVD is a low temperature variant of chemical vapor deposition environment in which a resistively heated filament array activates an initiator in the gas phase to form active free radicals. Subsequently, monomer molecules and the generated radicals adsorb onto a substrate, and surface polymerization occurs by linking monomer units to the adsorbed initiator radicals. For enhanced surface adsorption of reactants, iCVD relies on a substrate that is much cooler (0-30
• C) than the initiator's activation temperature (250-300
• C). Previously, iCVD has been successfully used to achieve conformal coatings down to the nanoscale using different polymer chemistries [18] [19] [20] as well as to coat nonplanar substrates such as high AR pores [21] , wires [22] , fibers [23], electrospun fiber mats [24] as well as carbon nanotubes [25] . For this work, the thermoset polymer PHEMA was chosen because of its properties of hydrophilicity (rendered by the presence of the main chain -OH group) and water insolubility. Additionally, previous work has shown that PHEMA (figure 3(a)) synthesized using iCVD has a glass transition temperature of greater than 100
• C [10, 11] , which makes the coatings thermally stable during the photon to thermal process of GNRs.
For the synthesis of PHEMA, the monomer 2-hydroxyethyl methacrylate (HEMA; 97% Aldrich) and the initiator di-tert-amyl peroxide (TAPO; 97% Aldrich), shown in figures 3(b) and (c), respectively, were used without further purification. Depositions were carried out in a stainless steel, custom-built vacuum reactor, similar to those described previously [10] . The monomer HEMA was heated to 70
• C to achieve sufficient vapor pressure while TAPO was kept at room temperature. Vapors of HEMA and TAPO were metered into the reactor using needle valves. The flow rates for HEMA and TAPO were 0.6 and 0.2 sccm, respectively. The backside cooled stage was maintained at 25
• C, and the filament wire array was heated to 300
• C. Depositions were carried out under a reactor pressure of 80 mTorr controlled using a downstream throttle valve and pressure controller (MKS Instruments) together with a dry vacuum pump (iH80, Edwards Vacuum). These conditions were chosen to obtain conformal coatings of 20 nm on the GNRs. The deposition rate was monitored in situ using an interferometry system equipped with a 633 nm HeNe laser (JDS Uniphase Corporation) passing through a glass window positioned on top of the reactor. The composition and structure of iCVD PHEMA films were characterized using FTIR spectroscopy, and the results obtained were spectroscopically identical to liquid-polymerized PHEMA standards and details have been published previously [10, 11] . To compare the GNR cluster on glass cover slips before and after coating, images were taken by a field-emission scanning electron microscope (SEM) instrument (Zeiss Supra 50VP).
Temperature measurement
In order to measure the temperature profile of the single GNR cluster, experiments were conducted using a thin K-type thermocouple probe. A 2 mm thick PDMS layer with a 7 × 7 mm 2 hollow area was attached to a glass cover slip coated with PHEMA and was subsequently filled with 200 μl of distilled water. The thermocouple probe was then positioned near the surface of the single GNR cluster (figure 4) and temperature was read with a thermometer. The NIR laser (450 mW, 0.84 A, B&W Tek, Inc.) which emits at a wavelength of 808 nm was placed under the test section and the distance from the bottom of the glass cover slip to the tip of the laser was determined when the laser area could cover the size of the GNR cluster completely. To investigate the correlation between the laser exposure duration and maximum surface temperature of the GNR cluster, two tests were performed: Figure 5 . SEM images showing the single patterned GNR cluster (a), (e), (i); the concave shape (a) became uniform (e) by mixing with 1% alginate and 0.1 M calcium chloride. In order to observe the differences in the clusters' surfaces that were made by each procedure, SEM images were taken at the center of the cluster (b), (f ), (j ). The single patterned GNR cluster in water under each mixture condition was taken before (c), (g), (k) and after (d), (h), (l) laser irradiation; the cluster shape did not change when the GNRs were coated by PHEMA using the iCVD method. The scale bars are 500 μm (a)-(l) and 400 μm (b), (f ), (j ).
one was under continuous wave laser mode and the other was under pulsed laser mode. For the former case, once the water temperature reached the initial temperature (22.5 oC), the NIR laser was turned on continuously and the water temperature was monitored using the thermometer. For the latter case, the NIR laser was switched on and off at a prescribed time interval.
Results and discussion
iCVD coating effect
Due to the effects of surface tension, GNRs tended to move toward the outer region of the droplet and dried forming a concave shape ( figure 5(a) ). The irregular deposition might cause ineffective heat transfer from the surface to the surrounding solution. Also, it was realized that the single GNR cluster was easily washed away as soon as it made contact with any aqueous solution. It can be clearly observed in figure 5 (d) that the distinct GNR cluster in figure 5(c) was dispersed in water during laser irradiation. In order to prevent this phenomenon, we took advantage of an aqueous 1% alginate and 0.1 M calcium chloride mixture. The alginate gel becomes attached to the GNRs by the electrostatic attractive interaction with CTAB, and thus the alginate gel acts as a capsule, trapping GNRs with CTAB [15] . Calcium chloride contributes to the separation of the gel with GNRs and the neat gel without GNRs. Through this process, the highly concentrated gel phase with GNRs could be obtained and a uniform single GNR cluster could be made on a glass cover slip ( figure 5(e) ). However, when the mixture of alginate hydrogel and calcium chloride was subjected to increased temperature the single patterned GNR cluster (figure 5(g)) could not retain its shape on the glass cover slip ( figure 5(h) ). It also lowered the local heat generation for the same laser irradiation time. In order to increase thermal resistance, the glass cover slips were coated by PHEMA using the iCVD method ( figure 5(i) ). The success of the coating was demonstrated by comparing figures 5(k) and (l) and observing that the single patterned GNR cluster was still attached and did not change shape. Since the PHEMA synthesized using iCVD has a high glass transition temperature of over 100
• C, it enabled the coatings to remain stable under the photon to thermal conversion process. The differences of the clusters' surfaces that were made by each procedure were observed under an SEM (figures 5(b), (f ), (j )).
Temperature field in and around GNRs under local heating
Once the single patterned cluster of GNRs was irradiated with the NIR laser in water, the irradiated GNRs rapidly heated to maximum surface temperatures of over 60
• C (figure 6(d)) within 120 s and became almost constant under continuous wave laser exposure. This result is explained by high absorption from GNRs due to plasmon resonance. The single GNR cluster formation enhanced the thermal effect because of (1) better efficiency resulting from an improved ability to confine the laser pulse within the nanocluster's parameter [26] , (2) an overlapping of bubbles from different GNRs within the cluster which decreased the bubble-formation threshold [27] , and (3) an increase in the cluster's average local absorption in response to plasmon-plasmon resonance [26, 27] .
To locally and quantitatively examine the temperature measurement accuracy and spatial resolution, the experimental results were compared with numerical predictions. The following assumptions were applied for the mathematical formulation used for numerical simulation.
(1) One patterned cluster of GNRs is considered to be a homogeneous circle of radius R. (2) The working fluid is Newtonian and homogeneous. (3) Thermophysical properties are assumed to remain constant regardless of increased temperature (table 2) . (4) Both the circle and the fluid are initially at 21
• C.
Temperature calculations were performed based on a heat transfer model [8, 28] . The solutions inside (T 1 ) and outside (T 2 ) of the heated circle are
for 0 r < R and t > 0 and where a =
The boundary conditions are T 1 = T 2 at t = 0, and T 1 = T 2 and K 1
at r = R; T 1 is finite as r → 0 and T 2 is finite as r → ∞. The radius of each cluster was approximately 1 mm, and thus numerical simulations were performed with this radius (R) value. Using this theoretical model, the absorbed energy was transformed into heat as soon as the NIR laser was applied. The maximum temperatures were generated at the GNR cluster, and the heat propagated out of the GNRs into the surrounding water over a certain time scale (figures 6(a)-(c)). Since the thermocouple probe with a radius of 0.4 mm was placed on the middle spot of the GNR cluster, the measured temperature data could be compared with the calculated maximum temperature. As shown in figure 6(d) , the photon to thermal heating simulations closely matched the experimental temperature data, indicating that the single GNR cluster maintained the same photon to thermal conversion efficiency during the 10 min after irradiation in water. For pulsed laser irradiation, the rise time of the photon to thermal response was determined on the basis of the continuous wave laser observation. Since the maximum surface temperature of the GNR cluster was reached in approximately 120 s, the laser was turned on for this duration and turned off immediately after to examine the cooling time for the laser heated GNR cluster. As shown in figure 7 , the localized heat zone was rapidly cooled down to the initial temperature (22.5 • C) within 90 s by a heat diffusion dynamic process. The photon to thermal response was observed as indicated by an initial peak due to fast laser-induced heating of the GNR cluster and an exponential decrease associated with the cooling of the GNRs as a whole through heat diffusion into the surrounding water [29] . In addition, for the repeated pulsed wave duration, regular pattern was shown by fast heating and cooling of strongly absorbing GNRs. It therefore demonstrates the fast redistribution of heat from the GNR cluster to the adjacent water in the photon to thermal response. Based on the temperature measurement results, the continuous wave laser might be useful for treatment of an extended infected area, but in vivo, this mode may also damage surrounding healthy tissues and cells. On the other hand, the pulsed laser has an advantage in that the heated volume and subsequent thermal damage (i.e. protein denaturation, coagulation, etc) are localized to the vicinity of the GNRs and the GNR cluster. 
Conclusions
In conclusion, we described the synthesis of GNRs which had a maximum absorption at a wavelength of 818 nm and were made using the seed-mediated growth method. Similarly, the single patterned GNR cluster was made by mixing the GNRs with alginate and calcium chloride. This work also used the iCVD method to coat the GNR cluster with PHEMA. The iCVD coating was desirable because it provided high temperature resistance for the GNR cluster in aqueous solution. In addition, this study demonstrated the principle behind the synthesized GNR-enabled photon to thermal conversion phenomenon. With the high efficiency of photon to thermal conversion, significant temperature increases were achieved rapidly in and around the GNR cluster in a controllable manner with continuous wave and pulsed laser conditions. Simultaneously, the accuracy of spatial localization and measurement of the maximum surface temperature of the GNR cluster could be validated with numerical predictions. Comparisons between the analytical solutions and experimental data showed good agreement. These results represent a step forward in understanding the photon to thermal response which will provide more reliable predictions of the temperature field and give greater insight into the heating effects of the patterned GNR cluster embedded in biological systems.
